The oomycetous, fungus-like, aquatic organism Pythium insidiosum is the etiologic agent of pythiosis, a life-threatening infectious disease of humans and animals that has been increasingly reported from tropical, subtropical, and temperate countries. Human pythiosis is endemic in Thailand, and most patients present with arteritis, leading to limb amputation and/or death, or cornea ulcer, leading to enucleation. Diagnosis of pythiosis is time-consuming and difficult. Radical surgery is the main treatment for pythiosis because conventional antifungal drugs are ineffective. The aims of this study were to evaluate the use of Western blotting for diagnosis of human pythiosis, to identify specific immunodominant antigens of P. insidiosum, and to increase understanding of humoral immune responses against the pathogen. We performed Western blot analysis on 16 P. insidiosum isolates using 12 pythiosis serum samples. These specimens were derived from human patients with pythiosis who had different forms of infection and lived in different geographic areas throughout Thailand. We have identified a 74-kDa immunodominant antigen in all P. insidiosum isolates tested. The 74-kDa antigen was also recognized by sera from all patients with pythiosis but not by control sera from healthy individuals, patients with thalassemia, and patients with various infectious diseases, indicating that Western blot analysis could facilitate diagnosis of pythiosis. Therefore, the 74-kDa antigen is a potential target for developing rapid serodiagnostic tests as well as a therapeutic vaccine for pythiosis. These advances could lead to early diagnosis and effective treatment, crucial factors for better prognosis for patients with pythiosis.
Pythiosis is an emerging and fatal infectious disease caused by the oomycetous fungus-like, aquatic organism Pythium insidiosum. It is the only Pythium species of the kingdom Chromista (Stramenopila) known to infect humans and animals, such as horses, dogs, cats, cattle, and sheep (8, 13, 25) . The disease has been reported from tropical, subtropical, and temperate areas of the world (8, 13, 21) . Phylogenic analysis has shown that P. insidiosum is more closely related to diatom and golden-brown algae than to fungi (11, 29) . P. insidiosum exists in two stages: biflagellate zoospore and right-anglebranching hyphae (3) . The zoospore is the infective unit, and it swims to attach and germinate as hyphae in host tissue (14) .
The first 2 cases of human pythiosis were discovered in Thailand in 1985 (3, 7) . Since then, cases have been increasingly reported (2, 7, 10, 20, 23, 26-28, 31, 32) . Three forms of human pythiosis have been described: (i) cutaneous/subcutaneous pythiosis affecting face or limbs as a granulomatous, ulcerating, or cellulitic lesion, (ii) systemic (vascular) pythiosis affecting arteries of lower extremities resulting in arterial occlusion or aneurysm, and (iii) ocular pythiosis causing corneal ulcers or keratitis (7, 27) . Systemic and ocular pythiosis are the most common forms of infection. Most of the systemic patients had the affected limb amputated. Likewise, most of the ocular patients had the infected eye removed. Moreover, many systemic patients died from a ruptured aneurysm. Thalassemias and an agriculture-related career in a swampy area are the predisposing factors (7, 8, 23, 32) . Diagnosis by culture identification is time-consuming and requires expertise (17) . Serodiagnostic (enzyme-linked immunosorbent assay and immunodiffusion) and PCR-based diagnostic tests have been developed, but diagnostic materials are not widely available (5, 9, 19, 30) . Since conventional antifungal drugs are not effective in treating pythiosis, surgery is then the main treatment option. However, postsurgical relapse can occur and cause further damage and death. Recently, immunotherapy with the P. insidiosum vaccine prepared from crude extracts of P. insidiosum increased a curative rate to 72% of horses with pythiosis but just 33% and 50% of dogs and humans with pythiosis, respectively (15, 31) . Therefore, improvements in the diagnosis and treatment of pythiosis are still important healthcare goals.
In this study, we performed Western blot analyses of P. insidiosum extracts using sera from Thai patients with pythiosis to evaluate the potential use of Western blots for the diagnosis of human pythiosis, to identify specific immunodominant antigens of P. insidiosum, and to increase understanding of humoral immune responses against this pathogen. Since early diagnosis and effective treatment are crucial factors for better outcome of patients with pythiosis, the specific immunodominant antigens identified could be targets for developing rapid serodiagnostic tests as well as a more effective vaccine.
MATERIALS AND METHODS

Microorganisms.
Sixteen culture-proven Pythium insidiosum isolates (P1 to P16) from Thai patients with pythiosis (Table 1 ; Fig. 1 ) were included for Western blot analysis. In addition, Pythium aphanidermatum (MCC19-1) and Pythium deliense (MCC19-2), which are closely related to P. insidiosum and nonpathogenic species, as well as Conidiobolus coronatus (MCC19-3) and Rhizopus sp. (MCC19-4), which are zygomycetous fungi that share microscopic features with P. insidiosum, were also included in this study.
Antigen preparations. Each isolate of P. insidiosum was subcultured on Sabouraud dextrose agar and incubated at 37°C for 2 days. Several small agar pieces, containing hyphal elements from the growing culture, were transferred to 200 ml of Sabouraud dextrose broth and shaken (100 rpm) at 37°C for 1 week. Merthiolate (final concentration, 0.02% [wt/vol]) was added to kill the cultures before they were filtered through a Durapore membrane filter (0.22-m pore size; Millipore, County Cork, Ireland). The filtered broth containing phenylmethylsulfonyl fluoride (PMSF; 0.1 mg/ml) and EDTA (0.3 mg/ml) is referred to as culture filtrate antigen (CFA). The retained hyphal mass was washed once with distilled water and then quickly transferred to a prechilled mortar in the presence of 25 ml of cold sterile distilled water containing PMSF (0.1 mg/ml) and EDTA (0.3 mg/ml). The hyphal mass was ground on ice to produce 100% ruptured cells before being centrifuged at 4,800 ϫ g, 4°C for 10 min. The resulting supernatant, referred to as soluble antigen from broken hyphae (SABH), was filtered through a Durapore membrane filter (0.22-m pore size). SABHs, CFAs, and sterile Sabouraud dextrose broth were then concentrated ϳ80-fold using an Amicon Ultra 15 centrifugal filter (10,000 nominal molecular weight limit; Millipore, Bedford, MA).
Culture portions of well-grown P. aphanidermatum, P. deliense, C. coronatus, and Rhizopus sp. were washed from Sabouraud dextrose agar slants with 10 ml of sterile distilled water and transferred to 500 ml of Sabouraud dextrose broth and shaken (100 rpm) for up to a month at 37°C (except P. deliense cultures were grown at room temperature). Merthiolate (final concentration, 0.02% [wt/vol]) was added, and culture broths were filtered through a Durapore membrane filter (0.22-um pore size). Then, 25 ml of filtrated broth containing PMSF (0.1 mg/ml) and EDTA (0.3 mg/ml) was mixed with the corresponding hyphal mass in a prechilled mortar for grinding until 100% rupture was achieved. The homogenates were then centrifuged at 4,800 ϫ g, 4°C for 10 min. The resulting supernatant was filtered through a Durapore membrane filter (0.22-m pore size) and concentrated ϳ80-fold by using an Amicon Ultra-15 centrifugal filter (10,000 nominal molecular weight limit) and is referred to as concentrated antigen mixture (CAM). Protein concentration was determined using the Bradford assay (1). All CFAs, SABHs, and CAMs were stored at Ϫ20°C until use.
Sera. Sera from 12 Thai patients with pythiosis were used in this study ( Table 2 ; Fig. 1 ). Sera from 3 patients who received a full course of P. insidiosum vaccine (2 injections of 100 to 200 l [each] of 2-mg/ml vaccine at a 14-day interval) (31) were collected before and after (3 weeks for S12, 1 month for S4, and 3 months for S7) vaccinations. Another 23 sera were included as controls: 6 serum samples from healthy blood donors who came to the Blood Bank Division, Ramathibodi Hospital; 5 serum samples from healthy thalassemic patients; 1 serum sample (each) from patients with aspergillosis, zygomycosis, histoplasmosis, candidiasis, cryptococcosis, leptospirosis, amoebiasis, and toxoplasmosis; and 1 serum sample (each) from anti-hepatitis B virus-positive, anti-hepatitis C virus-positive, antihuman immunodeficiency virus-positive, and highly positive antinuclear antibody individuals. All sera were stored at Ϫ20°C until use.
SDS-PAGE. Ten microliters of SABH, CFA, or CAM concentrate, containing up to 20 g protein, was mixed with loading buffer (60 mM Tris-HCl, pH 6.8, 25% glycerol, 2% sodium dodecyl sulfate [SDS], 14.4 mM mercaptoethanol, and 0.1% bromophenol blue), boiled for 5 min, and centrifuged at 13,800 ϫ g for 5 min. Supernatant proteins were separated at 100 V in an SDS-polyacrylamide gel (4% stacking gel, 8 Western blotting. Separated antigens were transferred from SDS-PAGE gels to polyvinylidene difluoride membranes (Bio-Rad) for 1 h at 100 V. Membranes were blocked with 5% gelatin in Tris-buffered saline (TBS), pH 7.5, and incubated overnight at room temperature with sera diluted 1:1,000 with antibody buffer (TBS, pH 7.5, 0.05% Tween 20, 1% gelatin). The membranes were washed twice with washing buffer (TBS, pH 7.5, 0.05% Tween 20) and incubated at room temperature for 2 h with goat anti-human immunoglobulin G (heavy plus light chains) conjugated with horseradish peroxidase (Bio-Rad) at a 1:3,000 dilution with antibody buffer. The membranes were washed with washing buffer three times. Signals were developed by adding a fresh mixture of 10 ml of 0.3% 4-chloro-1-naphthol in methanol and 50 ml of TBS with 30 l of 30% H 2 O 2 . Reactions were stopped by immersing the membranes in distilled water. Colordeveloped membranes were protected from light and immediately photographed.
India ink staining. Blotted membranes were washed two times in TBS (pH 7.5) with 0.5% Tween 20 for 5 min and incubated at room temperature for 3 h in India ink diluted 1:1,000 with distilled water. The membrane was rinsed several times with distilled water.
RESULTS
Identification of immunodominant antigens of P. insidiosum. We studied the protein profile and immunogenicity of SABHs as cytoplasmic antigens and CFAs as secretory/culture supernatant antigens of P. insidiosum isolated from patients who had different forms of infection (Table 1 ) and live in different areas throughout Thailand (Fig. 1) . Proteins of SABHs from 16 P. insidiosum isolates appeared mostly below 120 kDa in the Coomassie blue-stained SDS-PAGE gel ( Fig. 2A) . Most of the proteins were transferred onto a polyvinylidene difluoride membrane during blotting and were visualized by India ink staining (Fig. 2B) . Blotted membranes were immunostained with S2 (Fig. 2C) , S12 (Fig. 2D) , and S4 (data not shown) sera. An 87-kDa immunoreactive antigen was observed in SABHs of 15, 13, and 15 isolates after probing with S2, S12, and S4 sera, respectively. When probed with S4 or S12 serum (Fig. 2D) , several immunoreactive antigens ranging from 43 to 34 kDa were also noted in all SABHs, except for P13 SABH from an patient who lived in the south of Thailand (Fig. 1) . However, when probed with S2 serum, these 43-to 34-kDa antigens were faint or undetectable (Fig. 2C) . In contrast to the 87-and 43-to 34-kDa antigens, which were found in many but not all isolates, a 74-kDa antigen was strongly detected in all 16 SABHs tested. Western blots of CFAs from 6 P. insidiosum isolates (P1, P6 to P8, P10, and P15) were probed with S12 serum, and strong bands were detected at 74 kDa and 43 to 34 kDa (Fig. 3) .
Specificity and sensitivity of immunodominant antigens of P. insidiosum. The immunodominant antigens of P. insidiosum were also evaluated for specificity using 23 control sera from healthy individuals, patients with thalassemia, and patients with various infectious diseases. When SABH and CFA of the P1 isolate were probed with the serum from a patient with either thalassemia or zygomycosis at a 1:1,000 dilution, the 87-, 74-, 32-, and 28-kDa antigens of P1 SABH reacted weakly, while no such cross-reaction was observed in P1 CFA, even when probed at a 1:100 dilution (data not shown). To test whether the immunodominant antigens of P. insidiosum can be broadly recognized by sera from other patients with pythiosis, sera from 12 patients were used to probe against P1 CFA (Fig. 4) . All 12 pythiosis sera recognized the 74-kDa antigen, while only 5 sera (S1, S4, S6, S8, and S12) weakly recognized antigens ranging from 43 to 34 kDa. In addition, the 74-kDa antigen was the only one recognized by S5, S9, and diluted S12.
Comparison of cytoplasmic and secretory immunogens of P. insidiosum. The S12 serum appears to detect a subset of proteins in the P1 CFA preparation relative to the P1 SABH sample (Fig. 5, lanes 1 and 2) . Additionally, the intensity of detection of the 74-kDa antigen is higher for the P1 CFA sample than for P1 SABH. Although the 74-kDa antigen of P1 SABH and P1 CFA appears to be the same size in the 12% SDS-PAGE gel (Fig. 5, lanes 1 and 2) , only the 74-kDa antigen of P1 SABH showed cross-reaction with the two control sera (above). This suggests that the 74-kDa band, present in Western blots of P1 SABH and P1 CFA, may represent different antigens. To test this hypothesis, we increased the resolution of protein separation by decreasing the gel concentration to 8% and increasing the separation time for SDS-PAGE and found that the 74-kDa antigens of P1 CFA migrated slightly faster than those of P1 SABH (Fig. 5, lanes 3 and 4) . In contrast, the antigens ranging from 43 to 34 kDa of P1 SABH and P1 CFA had banding patterns similar to that seen in the 12% gel.
Comparison of immunogenicity of Pythium spp. and zygomycetous fungi. Protein profiles and immunogenicity of nonpathogenic Pythium species and zygomycetous fungi were also studied and compared with those of P. insidiosum. Protein profiles of both SABH and CFA of the P. insidiosum P1 isolate were different from CAMs (mixture of cytoplasmic and culture supernatant proteins) of P. deliense, P. aphanidermatum, C. coronatus and Rhizopus sp. (Fig. 6A) . Western blots probed with S12 demonstrated at least nine antigens (Ͼ203, 100, 87, 74, 66, 54, and 43 to 34 kDa) of P1 SABH, at least four antigens (100, 74, 66, and 42 kDa) of P1 CFA, at least two antigens (138 and 100 kDa) of P. aphanidermatum CAM, and at least six antigens (Ͼ203, 165, 109, 94, 85, and 32 kDa) of P. deliense CAM (Fig. 6B) . A 100-kDa antigen was observed in extracts of both P. aphanidermatum and P. insidiosum. No immunoreactive antigen was found in concentrated Sabouraud dextrose broth or in CAMs of C. coronatus and Rhizopus sp.
Investigation of a P. insidiosum vaccine mechanism. The P. insidiosum vaccine is prepared from a mixture of SABH and CFA of P. insidiosum isolated from a horse with pythiosis and shows a curative effect in treating humans with pythiosis (28, 31) . It has been proposed that the vaccine works by introducing previously unexposed antigens, which stimulate host protective 
FIG. 4. Western blot analysis of
Pythium insidiosum P1 CFA probed with S1 to S12 pythiosis sera (lane 1 to 12, respectively) at 1:1,000 dilution. Lanes 13 and 14 represent S12 serum at 1:10,000 and 1:100,000 dilutions, respectively. Predicted sizes are shown in kDa on the left. 3) and Pythium insidiosum P1 CFA (lanes 2 and 4) probed with S12 pythiosis serum. Proteins were separated in 12% (lanes 1 and 2) and 8% (lanes 3 and 4) SDS-PAGE gels. Predicted sizes (kDa) are shown at both sides.
FIG. 5. Western blot analysis of Pythium insidiosum P1 SABH (lanes 1 and
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A 74-kDa IMMUNOGEN OF P. INSIDIOSUM 1677 on November 11, 2017 by guest http://jcm.asm.org/ immunity (4, 18) . If this immunity results from the production of antibodies not present during an infection, then it may be possible to detect the antigens by Western blotting. Therefore, we probed SABH and CFA of the P1 isolate with preimmunized versus postimmunized sera from 3 patients who received full courses of the vaccine and found that the positions and numbers of bands were similar, although the band intensity was higher with postimmunized sera (data not shown).
DISCUSSION
Mendoza and coworkers used sera from five Costa Rican horses with pythiosis and three horses cured of pythiosis by immunotherapy, together with P. insidiosum isolates from four horses and one Thai patient (CBS 673.85), in Western blot analyses and demonstrated 32-, 30-, and 28-kDa immunodominant antigens (16) . However, Santurio et al., in a study of the serological response to P. insidiosum antigens in a rabbit model of pythiosis, failed to detect these three antigens (22) . Recently, Vanittanakom et al. showed that 110-, 73-, 56-, 42-to 35-, 30-to 28-, 26-, and 23-kDa antigens were immunoreactive with serum from a human with pythiosis, with strong reactivity against the 42-to 35-kDa antigens (30) . In our study using 16 P. insidiosum isolates (including CBS 673.85) and 12 sera from Thai patients with pythiosis (Table 1 ; Fig. 1 ), we have identified the 74-kDa immunodominant antigen in all isolates tested ( Fig. 2 and 3) . We also found immunodominant antigens ranging from 43 to 34 kDa, but the molecular size and intensity varied among the isolates and sera tested (Fig. 2, 3, and 4) . These results together suggest that the humoral immune response to P. insidiosum antigens could vary from host to host (human, horse, or rabbit) or among strains of the pathogen.
Schurko et al. performed phylogenetic analysis using the internal transcribed spacer and 5.8S rRNA sequences of 23 P. insidiosum isolates from around the world (24) . They found that all of the isolates were more closely related to each other than to other Pythium species. P. insidiosum was classified into 3 distinct clades according to geographic distribution: clade I consisted of isolates from the Americas, clade II consisted of isolates from Asia and Australia, and clade III consisted of isolates from Thailand and the United States. Interestingly, clade III appeared to be the most distantly related of the three clades, which may indicate that it forms a distinct subspecies (24) . Recently, Rivierre et al. reported the first case of pythiosis from Africa (21) . They showed that the causative organism's internal transcribed spacer and 5.8S rRNA sequences were phylogenetically far different from other oomycetous organisms but closest to the P. insidiosum clades, suggesting a new Pythium species. Therefore, the spectrum of mammalian pathogenic Pythium species could be broader than just P. insidiosum. The different subgroups of the pathogenic Pythium species found in the phylogenetic analysis could explain differences in immunogenicity, as demonstrated by Mendoza et al. (16) and by our group. Additionally, no animal cases have been reported from Thailand, where P. insidiosum is widespread (Fig. 1) . These observations could be hints that strain variability of the pathogen may explain why human pythiosis specifically occurs in Thailand. Molecular analysis of P. insidiosum Thai isolates is under way to further clarify the relationship between the phylogeny of the pathogen, geographic distribution, and clinical presentation of its hosts.
Although close in size, the 74-kDa antigen of CFA is slightly smaller than that of SABH (Fig. 5) . Since the 74-kDa antigen of CFA mainly accumulated in cultured broth, it is possible that the 74-kDa antigen of CFA was a secretory or shedding molecule of a truncated 74-kDa antigen of SABH. On the other hand, they could be different proteins. Either one of these hypotheses could explain why control sera from thalassemic and zygomycosis patients weakly cross-react with the 74-kDa antigen of SABH but not CFA. Because of the crossreaction, the 74-kDa antigen of SABH would not be suitable for developing serodiagnostic tests. In contrast, the 74-kDa antigen of CFA had no cross-reaction with any of the control sera (even at 1:100 dilution), it was recognized by all of the pythiosis sera, and it was the only antigen recognized by S5, S9 (from patients with a short history of symptoms, 4 days and 2 weeks, respectively), and S12 sera (at a dilution as high as 1:100,000) ( Table 2 ; Fig. 4 ). These results demonstrate that the 74-kDa antigen of CFA is a sensitive and specific antigen and that identifying this antigen by Western blot analysis could facilitate diagnosis of human pythiosis. Moreover, this antigen could be a candidate for developing convenient and rapid serodiagnostic tests, such as latex agglutination or paper chromatographic strip tests.
Although P. insidiosum has hyphal morphology, it is not a true fungus. Its ultrastructure, biochemistry, and phylogeny are quite different from those of true fungi (11, 29) . Zygomycetous fungi (C. coronatus and Rhizopus sp.) were included in our study because their morphologies (broad and right-angle branching hyphae) are similar to that of Pythium species, which make it difficult to differentiate P. insidiosum from these fungi in infected tissue. In our study, proteins in CAMs of these two fungi did not cross-react with the serum from a human patient with pythiosis (Fig. 6) , while a 44-kDa antigen cross-reaction with C. coronatus to sera from horses with pythiosis has been reported by Mendoza et al. (16) . There are at least two possibilities to explain why we did not find a cross-reaction with C. coronatus. First, the C. coronatus strains used in our study were different from the one used by Mendoza et al., and antigens prepared from different strains could be recognized by host humoral immunity differently. Second, human and horse antibodies could respond differently to the same proteins. Nevertheless, developing and evaluating immunoperoxidase-or immunofluorescent-based tissue staining assays using anti-P. insidiosum antibodies may prove useful for facilitating histodiagnosis of human pythiosis.
Among Pythium spp., P. aphanidermatum and P. deliense are phylogenetically close to P. insidiosum (12, 24) . Moreover, P. aphanidermatum can grow at 34 to 36°C, which is close to human body temperature (24) . To our knowledge, no non-P. insidiosum Pythium spp. causes infection in mammals. Interestingly, the 74-kDa band and bands ranging from 43 to 34 kDa in both SABH and CFA of P. insidiosum were distinct from these 2 Pythium species (Fig. 6 ). This observation raises the possibility that these immunoreactive antigens of P. insidiosum may be associated with pathogenesis of P. insidiosum. In other eukaryotic pathogens, virulence factors were identified as immunoreactive antigens and some play important roles in pathogenesis or in modulating the host immune response (6) . Therefore, study of the structure, function, and encoding genes could elucidate the role that these immunodominant antigens play in P. insidiosum infection.
In horses with pythiosis, infected animals often die if left untreated. However, an immunotherapeutic vaccine prepared from CFA of a P. insidiosum strain isolated from a horse surprisingly cured ϳ50% of horses (4). Later on, Mendoza et al. found that the vaccine efficacy in horses with pythiosis was ϳ70% after adding 32-, 30-, and 28-kDa immunodominant antigens to the original CFA vaccine (4) . In humans with pythiosis, just half of all cases had favorable outcomes after vaccination (31) . The results from our study suggest that enriching the 74-and 43-to 34-kDa antigens in the original vaccine could increase its efficacy in treating human pythiosis. Two hypotheses have been proposed regarding the mechanism of the vaccine effect. First, the vaccine, as an exogenous antigenic source, could introduce previously unexposed antigens which stimulate host protective immunity against the pathogen (4, 18) . However, from our findings, there was no evidence to support this hypothesis, as no additional bands were observed with the postimmunized sera. Second, the vaccine could modulate an immune pattern switching from a T helper 2 to a T helper 1 response, which could lead to the effective host defense against the infection (15, 31) . Characterization of differences in levels of certain subclasses of antibodies and cytokines in the pre-and postimmunized sera could be a first step in elucidating such a mechanism.
In conclusion, human pythiosis has high morbidity and mortality. The lack of early detection for new cases and an effective treatment for affected patients leads to a poor prognosis for affected individuals. In this study, we demonstrated that Western blot analysis can facilitate diagnosis of human pythiosis by identifying a specific 74-kDa immunodominant antigen of P.
insidiosum. Future work could take advantage of this finding, so that the 74-kDa antigen could form the basis for rapid serodiagnostic tests and for improving the efficacy of the P. insidiosum vaccine. In addition, this 74-kDa antigen could open the door to exploration of the biology and pathogenesis of P. insidiosum as well as host responses to infection by P. insidiosum.
